This paper presents the design, manufacture and testing of a new probe for the measurement of temperature and pressure in engine environments.
INTRODUCTION
Precise and reliable instruments for stagnation temperature and pressure measurements in the most hostile sections of the turbine are needed to improve engine designs, for the active control of the engine and for engine health monitoring. A correct characterization of the flow in the gas-path of the first stages of high pressure turbines is of primary importance for aero-engine and heavy duty power applications. Lack of information about the turbine inlet temperatures affects the accuracy of predictions of engine performance, efficiency, component life, gaseous emissions and the development and maintenance costs.
Different types of probes are used for temperature measurements in turbomachinery. These include thermocouples, resistance temperature detectors, thin films, optical probes and acoustic techniques. Nevertheless the low cost, robustness and simplicity of thermocouples make them the most used sensors and in real engine environments, almost the only sensor used.
Normally, mineral insulated thermocouples with shielded heads are installed on airfoil leading edges or mounted on special rakes. However thermocouple measurements can present problems. The sensor measures its own temperature at the head junction (bead), but this temperature can differ from the local temperature of the gas. The temperature difference is due to heat exchange between the sensor and the environment. This is due to conduction effects along the stem of the probe, convection effects from the hot gas and radiative effects between the sensor and the surroundings. The difference between the temperature indicated by the thermocouple and the real gas temperature can be in excess of 60K (Lechner and Bothien, 2005 [1] ). However this error can be reduced by using best practices in desiging the probe (e.g adding shields) and in data interpretation (Paniagua et al., 2002 [2] ; Saravanamuttoo, 1990 [3] ). Thermocouples are also affected by ageing. In the hottest turbine sections, the gas temperature often exceeds the maximum operating temperature for the thermocouple materials, thus decreasing the life of the sensor and changing its material properties. Therefore, the calibration changes and this produces high data uncertainty. As a result, the gas temperature for control purposes (TGT) is often measured downstream of the high pressure turbine. The turbine entry temperature (TET) is then determined from these measurements, leading to uncertainty in the TET and, possibly, a non-optimal engine control and efficiency.
The probe described herein is developed under the sixth European framework program within the HEATTOP project (Accurate High Temperature Engine Aero-Thermal Measurements for Gas-Turbine Life Optimization, Performance and Condition Monitoring). The in-engine applications the probe is addressed to are the first stages of high pressure turbines. Typical gas conditions for high pressure turbine entry are 1800K-2300K with pressure up to 40 bars. The target operating conditions within the HEATTOP project for the intermittent aspirated probe are 1800K and 20 bar. The working principle of the probe does not prevent operation at the highest temperatures and pressures in the turbine and combustor (>1900K, 40 bar).
The research presented in this paper includes a preliminary investigation of the performance of the probe at temperatures up to 900K. 
NOMENCLATURE

Definitions
In eq. (1) and (2) Turbine Entry Temperature TGT: Turbine Gas Temperature
WORKING PRINCIPLES
The probe, shown in Figure 1 , consists of a choked nozzle located in the hot flow (probe head), a cooling system, a system to measure the mass flow rate, a downstream valve and a gas analysis system. During operation, the valve is alternately opened (aspirating phase) and closed (stagnation phase). When the valve is open, the imposed back pressure is such that the pressure ratio across the probe head is sufficient to choke the inlet nozzle throat of the probe. Assuming isentropic 1D flow and a perfect gas, the theoretical mass flow rate through the system is given by
where m t is the mass flowing in through the choked nozzle, P 0 is the stagnation pressure and T 0 is the stagnation temperature; A throat is the throat area. From equation (1), the stagnation temperature T 0 can be derived from measurements of the mass flow rate and of the stagnation pressure, P 0 , when the function of the gas characteristics, f(γ, R), and the throat area, A throat , are known:
The mass flow rate is measured in the aspirating phase by the mass flow meter downstream of the nozzle (Figure 2 , location 3). The stagnation pressure P 0 is measured in the stagnation phase. In this phase, the downstream valve is closed and the flow in the probe stagnates, allowing the stagnation pressure to be measured.
Between the upstream nozzle and the system of sensors the gas passes through a cooler. This allows the gas temperature to be reduced to ambient or near ambient conditions and for the sensors to be located in a low temperature environment.
The mass flowing through the probe is measured by an orifice plate. Direct measurements of the pressure difference across the orifice plate, ∆P, and its inlet temperature T 1 , and pressure P 1 define the mass flowing in the system according to:
where α (discharge coefficient), ε (compressibility factor), A orif and β (geometry) are the parameters characterizing the orifice behavior. Combining equations (2) and (3), the expression for the stagnation temperature becomes:
which is a function of the measured parameters ∆P, T 1 , P 1 , P 0 and of the gas characteristics, γ. The value of γ is related to the gas composition, whose value is measured by a gas analyzer ( Figure 2 , location 5). The calibration function F cal includes all the parameters related to geometry and flow conditions of both the downstream orifice plate and the choked nozzle upstream. Therefore a calibration is required to characterize the probe behavior for a specific probe head and orifice plate geometry. Using a calibration curve, the value of T 0 will be retrieved from the measurements of the stagnation pressure P 0 , the pressure drop across the orifice ∆P, the temperature T 1 and the pressure P 1 upstream of the orifice. One advantage of this probe over standard thermocouples, when used both in rigs and engines, is a reduction in the errors caused by conduction and radiation. The probe measures only flow quantities. Radiation and conduction, by changing the temperature of the probe relative to the flow, affect the measurements accuracy only through changing the area of the nozzle. The probe is not affected by ageing and it can selfcalibrate to correct for deterioration or soiling of the measurement section. The simple geometry of the probe head makes the technique potentially robust and reliable in harsh environments. Further benefits of this probe are that one single probe can provide both stagnation temperature and pressure at the same location and, being an aspirating probe, it can be easily connected to a gas analyzer to provide the gas composition.
PROBE DESIGN
The working principle described has been demonstrated through laboratory tests. Two geometries of probe head were tested. A brief description of the components illustrated in the diagram of Figure 1 follows.
Probe Head
The first prototype is a simple probe made in ceramic (alumina). It was designed to operate at temperatures up to 2000K. It is a simple tube ending with a coaxial orifice (see drawing in Figure 2 ). The orifice during the measurements is choked and corresponds to the measuring point. The diameter of the inlet orifice is 0.5mm. This probe prototype is accurate for laboratory testing but it is not suitable for use in engines.
Flow Figure 2: Prototype of the ceramic probe
The second prototype is a metallic probe designed to operate up to 900K. The geometry is designed to allow it to be easily fitted to existing gas turbines. In this geometry the inlet throat axis has been moved so that it is perpendicular to the stem and it can be easily installed in any instrumentation port of a rig or engine. The orifice size is the same that of the ceramic probe. A picture and a drawing of the probe are given in Figure 3 . 
Cooling System
The cooling system is designed to reduce the temperature of the aspirated hot flow to conditions suitable for the acquisition of pressure and temperature data with standard sensors. The minimum temperature of the flow should remain high enough to avoid condensation to ensure the accuracy of the mass flow measurement. The required heat extraction is dependant on the temperature of the gas in which the measurements are being made and on the mass flowing through the probe.
For the calibration experiments, carried out at atmospheric pressure and in air, the gas is cooled to a temperature approximately equal to 300K. During the calibration, considering ambient air humidity and the pressure at the orifice plate lower than the atmospheric, no condensation occurs. The maximum heat flux, Q, is required for T 0 maximum, i.e. T 0 =873K and it is approximately equal to 15W.
In case of tests in an engine with exhaust gases, the molar percentage of water content is considered approximately equal to 8%. For industrial gas turbines, the maximum temperature of the flow, T 0 , is considered about 1800K and the pressure P 0 approximately 20 bar. Then the flow temperature at the orifice plate should be 390K. This is equal to the condensation limit for 8% molar content of water in the exhaust gases when P 1 /P 0 =0.3, where P 1 is the static pressure at the orifice plate assuring the inlet nozzle throat is choked, considering all the pressure losses in the system. Under these circumstances, the maximum required heat extraction rate is approximately 600W.
The actual cooling system uses a counterflow heat exchanger made with coaxial tubes. Water is used as the coolant.
Flow meter
The main requisite for the flow meter is to maximize the measurement accuracy. An orifice plate has been chosen to measure the mass flow rate. A schematic of the orifice that was used is depicted in Figure 4 .
Figure 4: Sketch of the orifice plate
The characteristic dimensions of the device, the diameter of the orifice hole and the ratio between that and the duct diameter determine the orifice behavior for a given back pressure and mass flow rate (i.e. Reynolds and Mach number). The behavior of the device is repeatable for the same external conditions (T 0 , P 0 ) and the same pressure P 1 .
The positions of the pressure tappings are depicted in Figure 4 . In practice, the pressure sensor used in the stagnating phase to measure the external P 0 is the same sensor measuring P 1 in the aspirating phase. The pressure difference ∆P can be measured using a differential pressure transducer or by comparing two separate measurements of the pressure upstream and downstream of the orifice plate.
Switching system
The valve upstream of the vacuum pump switches the flow on and off and defines the frequency of the two phases of operation. At present, the frequency of acquisition is set at 0.5Hz.
In the future development of the probe, a remotely controlled switch, mounted closer to the location of the probe head, will allow shorter time steps for each complete acquisition (stagnation pressure and mass flow rate measurements), and therefore a higher frequency of acquisition. The highest frequency of acquisition would be related to the speed of pressure waves traveling through the length of the system. This gives a maximum frequency of operation of approximately 250Hz.
An additional purge phase would permit both recalibrating and cleaning the nozzle. This could be achieved by including a second valve connected to a pressurized line. The advantage of this is twofold. The inversion of the flow can clean the probe by removing possible dirt deposits and it can be used to partially re-calibrate the probe by imposing a known total pressure. When the flow chokes the inlet orifice, the quantities at the orifice plate are measured. It is then possible to evaluate if changes have occurred in the orifice area and so correct the calibration values.
Gas composition analyzer
For in-engine applications the value of γ needs to be provided to solve equation (4) . In order to eliminate the uncertainty due to the variability in the compositions of combustion gases, a gas analyzer is required. Since the probe is aspirated, an external FID can be easily placed downstream. However other methods not involving additional devices can be used to eliminate the uncertainty due to the value of γ on the estimate of T 0 . One of these is described by Blackshear [9] .
TEMPERATURE CALIBRATION
In order to test the working principle of the probe and to evaluate the repeatability and accuracy of the system, preliminary laboratory tests have been performed. The two probe heads have been calibrated in a precision hightemperature oven. The measurements of the probe were compared with the temperatures indicated by reference thermocouples. The calibration set-up and the results are described hereinafter.
Experimental set-up
The preliminary tests were carried out in a closed environment at controlled temperature and atmospheric pressure. The probe head geometries shown in Figure 2 and in Figure 3 have been tested. The orifice plate is shown in Figure  4 . The ratio β between orifice and duct diameters is 0.28. The pressure tappings were connected to a DSA-3217 pressure scanner of Scanival Corp, ranging from 0 to ±1bar gauge pressure, with an accuracy of approximately ±15Pa. The reference pressure was atmospheric. This was measured with a standard mercury barometer, with a resolution of 0.5 mmHg. The temperature at the orifice plate was measured by a K-type thermocouple connected to a Comark, TempScan-C8600 thermometer. The K-type thermocouples are suitable for measurements up to 1300K. The accuracy is ±1.5K (or 0.4% for T>650K). In these series of experiments the switching system consisted of a valve, which was opened and closed manually. The tests were performed in air. No gas analyzer was used. A vacuum pump assured the required pressure ratio across the system. During the calibration, the probe was inserted in the oven, a Lenton WHT6/120, which allows the temperature to be accurately varied between ambient temperature and 873K. The reference temperature was measured local to the head using the average of the measurements of 4 K-type thermocouples. The ceramic insulated thermocouples were located at a radial distance of 15mm from the central probe and connected to the same Comark thermometer that measured the temperature T 1 at the orifice plate. 
Experimental Results
An example of a calibration curve measured using the metallic probe is plotted in Figure 6 . (5) plotted against the second term. The slope of the curve corresponds to the calibration function, F cal . The application of a linear regression analysis to the data is used to calculate F cal For clarity, only one set of measurement data is shown in the figure. The range of actual temperature is between 300K and 873K. The plot shows that in this range of temperature, the calibration value F cal can be considered to be constant with temperature. The calibration value obtained with the linear regression of the data, F cal is 0.0631.
The theoretical value of F cal can be computed considering the formula in equation (4) (see also the definition of F cal ) and assuming as known the values of inlet throat area (A throat ), orifice throat area (A orifice ), the discharge coefficient (α) and the ratio of diameters (β) of the orifice plate; the discharge coefficient of the inlet nozzle (C D ) is not known and assumed equal 1. This gives a value of F cal =0.0876. The difference between the value of F cal computed with the linear regression and the value obtained substituting data in the theoretical definition can be explained by considering that the geometrical dimensions and the discharge coefficients of orifice plate and inlet nozzle are not accurately known. The difference between the theoretical and real F cal shows the necessity of the temperature calibration.
Mass flow rate and P 0 measurements 4 K-Type thermocouples and probe head in the oven A comparison of the calibration curve for the metallic probe prototype (Figure 3 ) and the calibration curve for the ceramic probe (Figure 2 ) is shown in Figure 7 . Both the probe heads show the same behavior. The value of the calibration function (slope of the curve) is different because of the differences in the probe head geometry. In particular the manufacturing tolerances on the nozzle diameter and the length of the throat could explain such a difference in the calibration. The errors in T 0 ', the temperature estimated with the metallic probe prototype, are plotted in Figure 8 . In the figure the data acquired in four series of measurements are shown; each series has more than one measurement at each temperature. The same calibration function is applied to all the data of all the series. The differences between the temperatures measured by the reference thermocouple and the temperatures computed through formula (4) are shown. The absolute errors are within ±6K, and it does not increase with temperature. For the ceramic probe the absolute errors are also ±6K.
During the analysis of the measured data, secondary factors affecting the results need to be considered, such as the dependency of γ on the temperature. The calibration in Figure 6 and 7 and the results of Figure 8 take into account that γ is a polynomial function of the temperature. If this effect was neglected, the value of the calibration function would change, and the deviations of the data from the line would increase. This effect on the calibration curve is shown in the plot of Figure 9 . This set of data corresponds to the data of Figure 6 . It is a representative example of the behavior observed in all the other series. Figure 8 .
Using a constant value of F cal for the probe calibration assumes that equation (4) is a perfect description of the probe operation. In practice secondary effects are present due to thermal expansion of the nozzle throat and changes in Reynolds number and Mach number in the flow meter and at the inlet orifice. This suggests that a better fit of the data could be found applying a different function. In Figure 8 the data shows a systematic trend, which may be due to these effects. If instead of a constant F cal a 4 th order polynomial is applied to the data, the errors for the new estimate of T 0 ' are reduced to ±4K (Figure 10 ). are respectively the precision and bias error for the single parameter x i . Considering the system of sensors and the acquisition devices used in the experiments, whose uncertainty is quoted in Table 1 , the computed uncertainty U in the estimate of T 0 is ±0.8%. At 873K, this is ±7K which is consistent with the result found experimentally (±6K). The systematic errors for the measurements of T 1 and ∆P have been considered negligible for the system of measurements. In fact using the same measurement equipment in both the calibration and the measurement process the systematic error can be reduced to the sole error due to the calibration of the probe against the four reference thermocouples.
To reduce the uncertainty error in the measurement it is planned to update the instrumentation. The accuracy of the future measurement system is given in Table 1 . The instrumentation has been rated for use in an engine demonstrator. The final measurement system is expected to achieve a relative error lower than ±0.4%, i.e. approximately ±3K at 873K and ±6K at 1800K, which is within the target aimed of the HEATTOP project. 
CONCLUSIONS
This paper describes a new intermittent aspirated probe designed to provide measurements of steady state stagnation pressure and temperature in hot sections of the engine. The probe is designed to work ultimately at gas temperatures up to 1800K. The probe has no wires, is self-calibrating and the errors due to radiation and conduction are lower than for thermocouples.
The working principles of the probe are described and validated through preliminary tests up to 900K. Two probe geometries were tested: a ceramic probe designed to operate up to 2000K and a metallic prototype to be used in real engines. It is shown that a simple system consisting of a nozzle immersed in the hot flow, a basic cooling system and an orifice plate downstream gives accurate results with good repeatability. If a theoretical equation is used to model the probe and a single calibration constant is used, accuracy of ±6K can be obtained. If a higher order polynomial (in the paper forth order) is used as the calibration curve, the errors can be reduced to ±4K. The uncertainty analysis has shown that if the measurement system is improved, errors of ±6K can be achieved at 1800K.
